Tyro3, Axl and Mertk (TAM) receptor tyrosine kinases play multiple functional roles by either providing intrinsic trophic support for cell growth or regulating the expression of target genes that are important in the homeostatic regulation of immune responses. TAM receptors have been shown to regulate adult hippocampal neurogenesis by negatively regulation of glial cell activation in central nervous system (CNS). In the present study, we further demonstrated that all three TAM receptors were expressed by cultured primary neural stem cells (NSCs) and played a direct growth trophic role in NSCs proliferation, neuronal differentiation and survival. The cultured primary NSCs lacking TAM receptors exhibited slower growth, reduced proliferation and increased apoptosis as shown by decreased BrdU incorporation and increased TUNEL labeling, than those from the WT NSCs. In addition, the neuronal differentiation and maturation of the mutant NSCs were impeded, as characterized by less neuronal differentiation (btubulin III + ) and neurite outgrowth than their WT counterparts. To elucidate the underlying mechanism that the TAM receptors play on the differentiating NSCs, we examined the expression profile of neurotrophins and their receptors by real-time qPCR on the total RNAs from hippocampus and primary NSCs; and found that the TKO NSC showed a significant reduction in the expression of both nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF), but accompanied by compensational increases in the expression of the TrkA, TrkB, TrkC and p75 receptors. These results suggest that TAM receptors support NSCs survival, proliferation and differentiation by regulating expression of neurotrophins, especially the NGF.
Introduction
Neurogenesis takes place in adult central nervous system in many vertebrates including human [1] . The multipotent NSCs are located in the in the subgranular zone (SGZ) of hippocampal dentate gyrus and the subventricular zone (SVZ) of the lateral ventricles [2] . The glial fibrillary acidic protein (GFAP)-positive radial glia-like cells in those regions are considered as primary stem cells normally remaining in the quiescent state, but have capacity for self-renewal and multipotential differentiation. Once activated, they develop into proliferating intermediate progenitor cells and the undifferentiated neuroblasts that will further maturate into dentate granule cells in hippocampus or interneurons in the olfactory bulb, accordingly [3, 4] . These newly generated neurons are capable to incorporate into the existing neural circuitry and contribute to brain functions [5] . Such adult neurogenesis event is a dynamic process and modulated by a variety of intrinsic and extrinsic factors including growth factors and cell surface receptors, signal transduction molecules, transcriptional factors and cytokine/ chemokines [6] . Interruption of adult neurogenesis leads to impairment in hippocampus-dependent learning and behavior [6] [7] [8] [9] [10] [11] [12] . Many physiological and pathological conditions affect neurogenesis in adult brains. Infection and the invoked inflammation inhibit NSC proliferation and neuronal differentiation [8, 13] .
Inflammation has been recognized as a major negative impact on adult neurogenesis [8, 13] . We have recently shown TAM receptors are all expressed by astrocytes and microglia, and they play an important role in regulating brain inflammation. It was found that hyperreactive microglia in the Tyro3 2/2 Axl 2/ 2 Mertk 2/2 triple knockout (TAM TKO) mice produced increased level of proinflammatory cytokines that are detrimental to the neural stem cell proliferation and differentiation [14] . However, detailed comparison of b-tubulin III + neurons showed a significantly decreased neuronal differentiation from the TKO NSCs than those from the WT NSCs that had been treated with LPS-treated microglia-conditioned medium. In addition, in vivo studies on the LPS-induced inhibition of NSC proliferation and differentiation demonstrated that the adult TKO brains manifested even severer reduction in neurogenesis than the WT brains that had undergone the LPS-induced inflammation [14] . These data imply that TAM receptors might play an intrinsic functional role in NSC proliferation and neuronal differentiation.
Tyro3, Axl and Mertk belong to the structurally and functionally closely-related TAM family of receptor tyrosine kinases, expressed on the cell surface and playing divergent functional roles ranging from cell differentiation to cell death [15] . Both Gas6 and Protein S serve as ligands for this family of receptors [16] [17] [18] . Although originally cloned from many fast growing or transformed cells, TAM receptors are now considered as intrinsic growth trophic factors. They sustain cell growth and survival, support PC12 cell neuronal differentiation upon neuronal growth factor stimulation [19] . Genome-wide analysis of the genes differentially expressed between neuronal progenitor and the differentiated neuronal cells revealed that all three members of the TAM family are expressed in the embryonic cortical neuronal progenitor cells [20] . Mice lacking both Axl and Mertk caused early differentiation and migration of SVZ NSCs [20] , and knockout of their common ligand, Gas6, reduced the NSC numbers in the SVZ [21] . These evidences indicate that TAM receptors might play important roles in maintenance of the cortical neuronal progenitor cell identity, in regulation of the NSCs survival, proliferation, and differentiation.
In the present study, we demonstrated that the primary NSCs express all three members of the TAM receptors to provide trophic support for themselves to ensure the survival, proliferation and differentiation into immature neurons in vitro. Under normal culture condition, TKO NSCs showed a significant reduction in NGF expression, accompanied by compensational increases in the expression of TrkA, TrkB and TrkC, suggesting that the TAM receptors function in coordination with neurotrophins in NSCs. Intrinsic trophic support by the TAM receptor signaling pathway on the NSCs may represent a novel signaling pathway in adult neural stem cells maintenance and differentiation.
Materials and Methods

Animal
The Tyro3
Mertk
2/2 triple knockout (TKO) mice have been described previously [22, 23] . All animals were housed in a pathogen-free facility and the Institutional Animal Care and Use Committee (IACUC) at University of Louisville specifically approved this study, No. 10131.
Reagents and materials
The NSC culture supplements B-27 (100x) and N-2 (50x) were purchased from Invitrogen (San Diego, CA). The antibodies used for Western blotting and immunocytochemistry were goat anti-mouse Axl, -Tyro3 (Santa Cruz) or -Mertk (R&D), mouse monoclonal anti-mouse b-tubulin III (anti-TUJ-1, StemCell Technologies, Canada), rabbit anti TrkA (Millipore: 06-574), Rat anti NGF (Abcam: ab52918), anti-mouse GFAP (EMD Millipore, MA), rat monoclonal anti-BrdU (Novus Biologicals, CO), mouse monoclonal anti-mouse b-actin (Sigma-Aldrich), HRP-conjugated donkey or sheep polyclonal anti-goat/mouse IgG (Amersham, NJ) antibodies and used following the manufacturer's instructions.
RNA isolation, cDNA synthesis, and real-time quantitative PCR Total RNAs from cultured NSC cells, and the hippocampus of 8-week-old WT and TKO mice were extracted using RNeasy kit (Qiagen) or Trizol reagent (Invitrogen, CA), respectively, following the manufacturer's instructions. The integrity of the RNA samples was determined by 1% formaldehyde denaturing RNA agarose gels (18S/28S52:1) and by O.D. reading (A260/A280.1.9). Two micrograms of total RNA from each sample was treated with DNase I to remove traces of genomic DNA, followed by reverse transcription using qScript cDNA SuperMix kits (Quanta Biosciences, Gaithersbur, MD) to make the first strand cDNA for real-time qPCR analysis.
A sample of 50 ng of cDNA was used to quantify gene expression by qPCR using a SYBR green-based PCR reaction mixture on an MX3005p system (Agilent Technologies, Inc., Santa Clara, CA), with a program of a 10-minute initial hotstart activation of Taq polymerase at 95˚C, followed by 40 cycles of amplification (95˚C for 10 seconds, 56˚C for 5 seconds, and 72˚C for 10 seconds). After amplification, a melting curve was generated by holding the reaction mixture at 65˚C for 15 seconds, then heating to 95˚C at a ramp rate of 0.1˚C/s. To obtain the melting temperature for each sample, the fluorescence signal was plotted against temperature. The comparative CT (threshold cycle) method normalized to b-actin was used to analyze relative changes in gene expression.
The oligonucleotides used for qPCR are listed in table 1.
Isolation and primary culture of neural stem cells
For isolation of brain stem cells, newborn mice at postnatal day 0 (P0) or P1 were terminated by decapitation and at least 3 forebrains from each group of mice were carefully dissected, pooled together in a 5 ml conical tube containing 500 ml of Dulbecco's modified Eagle's medium (DMEM)/F12 medium (Invitrogen), and sliced into small pieces. After 5 min of settling, the supernatant was gently removed and the remaining tissue was incubated with 500 ml of 0.25% trypsin/ 0.03% EDTA at 37˚C for 3 min followed by addition of 500 ml of soybean inhibitor (1 mg/ml) to inactivate the trypsin. After gentle trituration with a 1 ml pipette, the cell suspension was centrifuged at 2506g for 5 min at room temperature, the supernatant was carefully removed afterwards, and the cells were washed with 1 ml of complete NSC medium [DMEM/F12, 1xB-27, 1xN-2, 20 ng/ ml of bFGF, 20 ng/ml of EGF, 1x penicillin/streptomycin (Invitrogen)] and filtered through a 100-micron cell strainer to obtain the single cell suspension. After centrifugation at 250xg for 5 min at room temperature and removal of the supernatant, the cell pellets were resuspended in 1 ml of complete NSC medium. Viable cells were counted by the Evans Blue staining. Depending on the type of experiment, 0.5 to 1610 5 cells in 500 ml of complete NSC medium were plated into each well of a 12-well plate or 0.5-1610 5 cells in 2 ml of complete NSC medium were plated into each well of a 6-well plate; in both cases, the proliferating neural stem cells formed NSC spheres in 4 days.
Long-term survival, proliferation, and differentiation of NSCs
To test long-term survival, the single cell suspension of WT or TKO NSCs (2610 5 cells in 2 ml per well) was plated on 6-well plates. When the cells had grown to approximately 200 mm in diameter (4-5 days), the NSC spheres were dissociated using 0.25% trypsin/10 mM EDTA and a small amount of sample was taken for cell number counting. The remaining single cell suspension was then plated as described above. This repeated digestion/plating keeps the proliferating cells in a healthy condition and can be performed for up to 10 cycles before the NSCs started to differentiate. The total cell number at each time point was calculated based on the cells number from each counting and the fraction of the cells used for next cycle of subculture. The day for primary cell culture was designated as P0 and the cell number was set as 1. The growth curve was plotted by total cell number against the days in culture.
In vitro differentiation, proliferation, and death of NSCs
The single cell suspension of NSCs was cultured for 5 days in the complete NSC medium. Once the neuroblast spheres had grown to approximately 150-200 mm in diameter, they were switched to NSC differentiation medium and continue to incubate at 37˚C for 5 days to induce cell differentiation.
For neuronal differentiation from the single cell suspension, the NSC spheres were first triturated into single cells after 1 min of digestion with 0.05% trypsin at 37˚C. The dissociated single NSC cell suspension (10 5 cells/ml in 400 ml of differentiation medium) was plated in 8-well cell culture chambers, which had been coated by 50 mg/ml of poly-L-ornithine and 5-7 mg/ml laminin. Then the cells were cultured for 60 hrs. in the differentiating medium (complete NSC culture medium supplemented with 10%FBS and 10% Differentiation Supplements [StemCell Technologies]). The differentiated cells were fixed for 20 min at room temperature in 4% paraformaldehyde (PFA) prior to immunostaining using antibodies specific for b-tubulin III, glial fibrillary acidic protein (GFAP), and staining of nuclei with Hoechst 33342.
For the NSC proliferation assay, NSC spheres were labeled with 10 mM BrdU for 12 hrs, followed by 3 times washes with phosphate-buffered saline (PBS). The cells were collected by centrifugation, and fixed for 2 hrs at 4˚C in 4% PFA. After a brief centrifugation, the sphere pellets were collected and embedded in 100 ml of melted 2% agar containing 5% formalin. After solidification, the neuroblast spheres in agar were embedded in OCT (Optimal cutting temperature compound), frozen in liquid nitrogen, and cryrosectioned at a thickness of 18 mm. Incorporated BrdU was immunostained with anti-BrdU antibody and nuclei counterstained with Hoechst 33342. To measure NSC survival, the TUNEL assay was performed using the Roche TUNEL labeling kit (Indianapolis), following the manufacturer's instructions.
Western blotting
For expression of TAM receptors in NSCs, NSCs were isolated from hippocampi of the WT and TKO mice at age of postnatal day-1 and the same number of cultured NSC in 6-well plate was directly lysed in 1X NuPAGE LDS sample buffer (Invitrogen, CA) and the cell lysates were separated by SDS-PAGE electrophoresis, transferred onto a nitrocellulose membrane and immunoblotted for Tyro3, Axl, Mertk, and b-actin. The NSC cell lysate from TKO mice was used as negative control and the b-actin was used to indicate the sample loading. For expression of NGF and TrkA in hippocampus, hippocampal lysates were derived from 2 months old mice and immunoblotted for NGF, TrkA and b-actin.
Immunocytochemistry
NSC spheres or the differentiated single neuronal cells on chamber slides were processed for histology as above. The sections or cells were blocked in 1xPBS plus 0.1% Triton X-100 and 3% normal serum for 1 hr at RT, and followed by incubation at 4˚C for overnight in primary antibodies (1:200 dilution in blocking buffer). After 5 washes (5 min for each wash) in 1xPBS plus 0.1% Triton X-100, the sections or cells were incubated in the fluorochrome-conjugated secondary antibodies (1:500 dilution in 1xPBS) for 1 hr at RT. After 5 washes, the slides were mounted in DAPI-containing medium (Vectashield, Vector Laboratories). Photographs were taken on a Carl Zeiss AxioImager M2 cell imaging microscope equipped with Apotome and AxioCam systems (Carl Zeiss).
Statistical analysis
Data were analyzed using analysis of variance (ANOVA), the unpaired t test was used for two group comparisons and ANOVA Tukey's multiple comparison tests were used for analysis of differences in three or more groups. All experiments were performed at least three times in triplicate. Data are expressed as the mean¡SD.
Results
TAM receptors are expressed in hippocampal neural stem cells
The TAM family of receptor tyrosine kinases, Tyro3, Axl and Mertk, are mainly expressed in immune, reproductive and nerve systems [22, [24] [25] [26] [27] [28] [29] [30] . In brain, all three receptors are expressed in hippocampus, especially in the subgranular layer of the dentate gyrus, as demonstrated by in situ hybridization [29, 30] . However, whether or not they are expressed in hippocampal neural stem cells is not clear.
To determine whether the TAM receptors are expressed by neural stem cells and play intrinsic functional roles in the hippocampal NSCs, we performed Western blotting and immunostaining on the cultured primary WT NSCs. While all three proteins were negligibly seen from the TKO cells, they were clearly expressed in the WT NSCs with the strongest signal given by Tyro3 (Fig. 1A) . Expression of all three receptors in NSCs was further confirmed by immunocytochemistry, in which the specific antibodies against Tyro3, Axl and Mertk, positively labeled the WT NSCs (Fig. 1B) but not the TKO NSCs (Fig. 1C) .
TAM receptors support primary NSCs growth and survival
Expression of all three TAM receptors by the cultured primary NSCs prompted us to explore the in vitro effects of the TAM receptors on NSC growth and survival. We isolated and cultured NSCs from hippocampi of both WT and TKO mice at postnatal day one. The single hippocampal cell suspension was plated in 6-well plate and the growing NSCs gradually formed neuroblast spheres that reached approximately 200 m in diameter in five days. Most of cells in such neuroblast spheres were immunostained positive for nestin, a common neuronal progenitor marker ( Fig. 2A) . To sustain the proliferation and growth of NSCs, such neuroblasts were further dissociated and the resulting single cell suspension was re-plated in a new 6-well plate. The growth curves obtained using these repeated subcultures showed that both WT and TKO NSCs displayed a continuous increase in total cell number, but the TKO NSCs showed significantly slower growth than the WT cells (Fig. 2B) . The significant difference between the TKO and WT groups were noticed from day-10 and thereafter. (TKO 18.5¡6.3 vs WT 52.8¡18.6 on day-10; TKO 33.8¡13.7 vs WT 109.1¡24.2 on day-13, and TKO 165.5¡17.3 vs WT 417.4¡67.6 on day-17, accordingly, if the starting cell number in both groups were arbitrarily designated as 1 on the day-0). Consistent with the lower growth curve of the TKO cells, the neuroblast spheres formed from TKO cells showed a lower percentage of large spheres (.0.1 mm in diameter) and fewer middle size of spheres (0.05-0.1 mm in diameter), but a higher percentage of small spheres (0.03-0.05 mm in diameter) than those formed from WT cells under the same culture conditions (Fig. 2C and 2D ). These data indicate that the growth of the NSCs is hindered in the absence of the trophic support from the Tyro3, Axl and Mertk receptors.
TAM receptors support primary NSCs proliferation
To further evaluate the effects of TAM receptors on the NSC proliferation, we labeled the developing NSC spheres at day 4 using 10 M BrdU for 2 hrs. The BrdU-labeled NCS spheres were collected and processed for paraffin-embedding and sectioned at 20-mm. The BrdU incorporated into the proliferating cells were analyzed using fluorescent anti-BrdU antibody. The TKO NSCs showed lower percentage of BrdU-labeled cells than the WT cells (Fig. 3A and 3B , 55% vs 75%, *p,0.05). This result suggests that the TAM receptors support NSC proliferation in vitro.
TAM receptors prevent primary NSCs death from apoptosis
Our previous study showed that the ligand of TAM receptors, Gas6, protected the PC12 cells (derived from a pheochromocytoma of the rat adrenal medulla) from the serum-and NGF-deprivation induced apoptosis [19] . This prompted us to investigate whether the TAM receptors could also prevent the cultured NSCs from excessive apoptotic cell death. We therefore quantified apoptotic cells by a TUNEL assay on the primary cultured cells, and the NSCs lacking TAM receptors clearly showed increased TUNEL labeling (Fig. 4A and B) , indicating a trophic support that TAM receptors provide for NSC survival in vitro.
TAM receptors regulate primary NSCs differentiation
Given that Tyro3 and Axl were associated with TrkA (the receptor for NGF) in PC12 cells and function to promote neuronal differentiation [31] , we wondered whether TAM receptors would also regulate NSCs differentiation. To examine the NSCs differentiation capacity, we cultured either the trypsin-dissociated NSCs in single cell layer or the neuroblast spheres in, respectively, 8-well chambers or 24-well plates for 60 hr in NSC differentiation medium [DMEM/F12 containing 10% FBS and 10% differentiation supplements (StemCell Technologies, Canada)]. The cells in single cell layer or the spheres were then briefly washed with PBS and fixed with 4% PFA for 20 minutes prior to routine histological process. Newlydifferentiated neurons and astrocytes in the single cell layers (Fig. 5A) or in the neuroblast spheres (Fig. 5B) were identified, respectively, by immunocytochemistry using antibodies against b-tubulin-III and GFAP, and the cell nuclei were labeled with Hoechst 33342 dye. The percentage of b-tubulin-III + or GFAP + -labeled cells was calculated and the result clearly showed that the NSCs without the TAM receptors exhibited decreased differentiation into neurons, but normal differentiation into astrocytes (Fig. 5C) . Interestingly, the neurite outgrowth of the newly differentiated neurons from TKO NSCs or spheres was dramatically inhibited, as compared to those differentiated from the WT NSC cells (Fig. 5D) . Those results indicate that TAM receptors are required for normal differentiation of NSCs into the neuron, but likely inessential for in vitro differentiation into astrocytes.
TAM receptors regulate expression of neurotrophins and their receptors
Since both Tyro3 and Axl were co-localized with TrkA on the PC12 cells, and NGF up-regulated both receptors on the differentiating PC12 cells [32] , we then asked whether the TAM receptors regulated NSC survival, neuronal differentiation, and neurite outgrowth through expression of neurotrophins and their receptors in the NSCs. We performed real-time-qPCR quantification of the BDNF, NT-3, NGF and their p75 and Trk receptors. The expression of both BDNF and NGF was significantly inhibited in the TKO hippocampus, with the NGF being the most affected and NT3 showing no significant change (Fig. 6A) . The dramatic decreased NGF expression but not the BDNF was also found in the primary cultured adult hippocampal NSCs (Fig. 6B) . Decreased expression of NGF in the mutant hippocampus was shown by Western blotting (Fig. 6C) . On the other hand, their Trk family of receptors showed a significant compensational increase in both TKO hippocampus and cultured NSCs, as assayed by qPCR (Fig. 6A and  6B ) and Western blotting (Fig. 6C) . The TKO hippocampus also showed an increased expression of p75 (Fig. 6A) . These expression changes suggest that the TAM receptors regulate NSC survival, neuronal differentiation, most likely via regulation of the neurotrophin expression, especially the NGF expression.
Discussion
We have recently shown that mice lacking the TAM receptors displayed impaired adult hippocampal neurogenesis [14] . All three of the TAM receptors are expressed by microglia and astrocytes; and knockout of all three Tyro3, Axl and Mertk genes, caused both cell types to exhibit enhanced innate immune responses to TLR activation and to produce higher levels of proinflammatory cytokines detrimental to NSC self-renewal and neuronal differentiation [14] . In addition, several lines of evidence showed that all three receptors were expressed in hippocampus, especially in the subgranular layer of the DG, as demonstrated by in situ hybridization [29, 30] . However, whether or not they are expressed in hippocampal neural stem cells is not clear. In the present study, we performed Western blot and immunostaining analysis of Tyro3, Axl and Mertk in the primary cultured NSCs, and found that those cells expressed all three receptors. Based on these receptors' growth trophic roles in many cell types [19, 22, 27] , we hypothesized that the TAM receptors might also play intrinsic tropic functions in the NSCs. This was true that the primary cultured TKO NSCs versus their WT counterparts exhibited slower growth rate, decreased proliferation, and survival capacity, as demonstrated by poor BrdU incorporation and increased TUNEL labeling, respectively. These observations strongly suggest that TAM receptors provide trophic support for NSCs proliferation and survival. On the other hand, studies on the Axl and Mertk double knockout mice showed that embryonic SVZ NSCs in the double mutant embryos exhibited early differentiation and migration [20] . The TKO NSCs in our suspension culture system might undergo premature differentiation resulting in lower growth and proliferation rate and smaller sphere size.
Recent studies indicate that TAM receptors function in NSCs [20, 32] , but whether they participate in neuronal differentiation from primary NSCs is unknown. In the present study, we showed that TAM receptors were required for NSCs differentiation into neurons, but not for the glial cell differentiation although the TAM receptors surely play important regulatory role in the astrocyte, especially under immune challenge conditions [14] . Interestingly, newlydifferentiated neurons from TKO NSCs showed significant reduction in the developing neurite outgrowth, implying that TAM receptors play role in neuronal differentiation and maturation. This result is consistent with our previous observation in which the TAM ligand, Gas6, can replace the NGF to support PC12 growth and differentiation [32] .
It is well documented that NGF induces neurite outgrowth and promotes survival of embryonic sensory and sympathetic neurons in culture and prevented naturally occurring cell death in developing sympathetic ganglia and cholinergic neurons of the basal forebrain and caudatoputamen [33, 34] . NGF belongs to neurotrophin family consisting of four members, namely, NGF, BDNF, neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4/5) [35] . Each of the mammalian neurotrophins can activate one or more members of the tropomyosin-related kinase (Trk) family of receptor tyrosine kinases (TrkA, TrkB, and TrkC) or the low-affinity p75 receptor. NGF interacts with p75 and TrkA, while the BDNF and NT-4 bind TrkB, and NT-3 acts on TrkC [35] [36] [37] . Mice lacking Trk have severe sensory and sympathetic neuropathies and extensive neuronal cell loss during development of both the peripheral and the central nervous system [33] . Neurotrohins in collaboration with retinoic acid regulate neurogenesis in the adult-derived NSC cultures [38] . The major downstream signaling pathways activated by Trk receptors are Ras, PLC-c1, PI3-kinase (PI3K) and the mitogen-activated protein kinase (MAPK) [31, 39, 40] . Both NGF and BDNF, via activation of Trk receptors, induce activation of the PI3K/Akt and MAPK pathways, and thus protect NSC from neurotoxic induced apoptosis [41] .
Our previous study showed that both Tyro3 and Axl were expressed on the PC12 cell surface and colocalized with TrkA receptor, and their ligand Gas6 could activate both PI3K, MAPK and induces neuronal differentiation and neurite outgrowth in PC12 in the absence of the NGF [32] . In the present study, we further demonstrated that the TAM receptors played intrinsic functional role in the differentiating NSCs to promote the neuronal differentiation and neurite outgrowth. This function of TAM receptors may realize through upregulation of neurotrophins, particularly the NGF, and activation of their Trk receptors. From this point of views, the TAM receptor mediated signal pathway may offer a potential candidate target for treatment of some neuropathies or neurotrophin insufficiency diseases.
